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Abstract: 

We propose to test perturbative QCD in the Regge limit by means of diffractive photon scat¬ 
tering 7 p —> 7 A at large t and very high energies ^ |t| ;§> Aq^j^. The helicity amplitudes of 
this process were calculated using the Lipatov solution of the BFKL equation for t / 0. We found 
that the perturbatively calculated cross section for this process exceeds the cross section for J/T 
photoproduction assuming similar kinematics. 
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1 Introduction 


In the quest for more and better tests of pQCD in the Regge limit, better known as BFKL jT|, 
we suggest hard diffractive photon-proton scattering at large momentum transfer t. This process 
is closely related to the diffractive production of vector mesons at large f |§, where the 

vector meson in the final state takes the place of the photon. Although being suppressed by an 
extra Oem diffractive yp-scattering has the great advantage of being completely calculable. No 
phenomenological input in terms of a vector meson wave function is needed. The signature of this 
process is also very clear. The photoproduced photon is scattered into the backward region of the 
detector at a very low angle. The transverse momentum transferred from the photon is balanced 
by a jet in the forward region which does not need to be resolved. Important is the very large 
rapidity gap between the photon in the backward and the hadronic system in the forward region. 
The idea to use this process as test for pQCD was already discussed in Q. 

A very precise definition of the cross section is not necessary, since we are interested in a rough 
estimate. Indeed, since BFKL enters on the level of the amplitude the resulting enhancement 
is very large and therefore the theoretical uncertainty as well. We work with the leading order 
BFKL-solution which is by now known to receive strong NLO-corrections |p. Already a reduction 
by factor of 1/2 in the LO-BFKL-kernel leads to an order of magnitude reduction in the elastic 
cross section. Another source of uncertainty is the influence of nonperturbative effects despite the 
fact that we require a large momentum transfer t. On the proton side it has been proven |^, 
that the large f-Pomeron-exchange factorizes in the sense that it directly couples to partons. The 
difference in the coupling to quarks and gluons is only a trivial colour factor and the corresponding 
parton distribution can be taken from any conventional LO-pdf. As we already pointed out we are 
at the present only interested in a first rough estimate of the pQCD predictions and thus focus 
on the elastic photon-quark scattering. For comparison we include in our numerical analysis the 
diffractive production of J/T and find that both cross sections are close in magnitude. The elastic 
yg-cross section, surprisingly, exceeds the cross section for diffractive J/T-production. We also 
perform a Vector Dominance Model (VDM) inspired estimate for the same cross sections which 
shows that with BFKL the yg-cross section for large t can hardly be matched with the VDM-result 
at low t. At this point, of course, we are most curious to see what the corresponding measurement 
will give. If the cross section is as high as predicted by pQCD, enough events will be recorded (or 
have been recorded) to work out an experimental cross section. We will already learn a lot from 
the mere presence or absence of events. 

In the technical part of the paper we extend the successful concept of the photon wave function 
112, 13| to include nonzero momentum transfer. We then convolute the corresponding expression 
for the photon wave function directly in impact parameter space with the conformal eigenfunction 
of the nonforward BFKL-solution |jl^ . This part is presented in a rather detailed way to illustrate 
some of the techniques which might be useful in other related cases, for it seems most appropriate 
in dealing with integrals of two dimensional conformal field theories. The impact factor describing 
the coupling of two gluons via a quark-box to the photons has effectively been already calculated in 
QED in the context of photon-photon transition only colour factors needed to be added in 

the case of QCD. Since for our calculation we need a somewhat different form of the impact factor 
than found in the literature, we have reconsidered this calculation using slightly different methods. 

The paper contains three technical section which deal with the derivation of the yg-cross section. 
The following section is devoted to the generalization of the photon wave function to include 
momentum transfer, in section 3 we explain the convolution of the wave function with the conformal 


2 





BFKL-eigenfunctions and in section 4 we collect all pieces to derive the final expression for the cross 
section. In section 5 we present the numerical results and conclude with section 6. 


2 Photon Wave Function 

In the standard case of deep inelastic scattering the photon appears only in the initial state and its 
wave function |T^, ]^| can be formulated in the simplifying photon-proton CMS. In this frame the 


momentum of the photon has only longitudinal components and no transverse. When we consider, 
however, photon elastic scattering we have two photons, one in the initial state and the second 
in the final state of the process. We can still choose a frame in which one of the photons has 
only longitudinal components, but the second photon receives transverse components due to the 
momentum transfer q. We therefore have to generalize the photon wave function description to 
also include transverse components. We use the standard notation for deep inelastic scattering 
such as Q' (final state photon) and p (proton). The light cone vectors vectors Q' and p define 
the CMS we work in. For our discussion it is easier to assume that the outgoing photon which 
includes the momentum transfer q lies along the z-axis of our system and the incoming photon with 
the momentum Q has components in the transverse plane, i.e. Q = Q' + q. The corresponding 
polarization vector for the incoming photon reads 


/ , N / , N Q± ■ e(±)± 

e(±), = e(±)x„- 

with two helicity states (±) in the transverse plane of our frame: 


( 2 . 1 ) 


ex(±) = ^(0,l,±z,0) 


( 2 . 2 ) 


The photon couples to a quark-antiquark pair with the momenta ki and k 2 , respectively. Using 
Sudakov decomposition we write the momenta as (s = 2Q' ■ p = 4QoPo) 

q = PqP + q± 

k2 = (1 - a) Q' - P^k2^ ■ 

[\ — a) s 

One of these quark momenta is offshell depending on where the t-channel gluon couples. In the case 
discussed here it is ki as indicated in Fig.l. ki can be made onshell by adding a component with 
respect to p. We make use of this trick in order to break up the trace of the quark loop by inserting 
quark spinors with onshell momenta. This can be done without effecting the final result because 
the adjacent gluon coupling has as leading component a /i which cancels our proposed modification 
in the trace. In the trace we therefore substitute ki by ki: 

P 

ki = aQ' - — p -I- ki (2.4) 

a s 

The denominator of our wave function contains of course the original virtuality kf. In the following 
we will change the transverse components for the momenta from Minkowski space to Euclidean, i.e 


(2.3) 
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Figure 1: Diagrammatical representation of elastic 7 g'-scattering with BFKL-ladder exchange. 


A:_l ^ k with k\ = — k^, and despite the fact that the photon virtuality is negative we will use the 
convention that = |Q^| = —PqS + q^. 

After these preliminaries it is rather straightforward to introduce the photon wave function 
(/i = ± for the quark helicity, ^ for the photon helicity): 


^{h.„/i)(ki,k 2 ,a) = e 


u{k 2 ,h) i{h^) u{ki,h)y'a(l - a) 3^2 


[ki — aq]2 + q;(1 — a)Q'^ 


(27r)^(5^(q-ki-k2) (2.5) 


In the expression above we have made use of the relation v{ki, —h) = u{ki, h) and we have already 
incorporated a factor a from the gluon vertex and a phase space contribution 1 /a/q;(1 — a). The 
propagator itself has the form |/cf| = ([ki — aq]^+ a(l — a)(5^)/(l — a). In the chiral representation 
the spinors are of the following form (in complex notation for ki): 


u{ki,+) = 


, J2aQn , 0,0 


u{ki, -) = 0,0, j2aQ'(^ 


and similar expressions for u{k 2 , h) by substituting ki by k 2 and a by 1 — a. 


4 





Eq.(|^) together with (O and (|2.6|) yields the following expressions for the wave function (for 
better readability we present all helicity states explicitly): 


^'(+,+)(ki,k2,a) = - 

^'(+_)(ki,k2,a) = - 

^'(_,+)(ki,k2,a) = - 

_)(ki,k2,a) = --j 


\/2 e a [k 2 - (1 - Q;)q] /o^ 2 x 2 


[k2 - (1 - a)q]^ + a(l - 

v/2 e (1 - a) [ki - aq] ,^, 2.2 


(27r) S (q - ki - k 2 


[ki — aq]^ + q;(1 — a)Q^ 

\/2 e (1 - a) [kj - aq*] , 2.2 


(27r)^(i^(q - ki - k2) 


(2.7) 


[ki — aq]2 + q;(1 — a)Q^ 


(27r)^r(q- ki - k2) 


\/2 e a m - (1 - a)q*] .^. 2,2 


(27r)^(5^(q - ki - k2) 


[k 2 - (1 - a)q]^ + Oi{l - a)Q‘^ 

One could of course apply momentum conservation k 2 = q — ki and rewrite all equations in terms 
of ki only. But it is the form presented in (2.7) which emerges first and still exhibits the fact that 
the same factor a(l — a) appears in front of q in the numerator of all expressions. The latter is a 
result of the longitudinal contribution in the polarization vector (2.1) which is the same for all 
quark helicities. 

We transform into impact parameter space by taking the Fourier transform with respect to ki 
and k 2 

f (i^ki(i^k2 


(2vr)^ 


^'(ki,k2,a;) e 


iki-ri ik2-r2 _ 


= ^'(ri,r2,Q;) 


( 2 . 8 ) 


and arrive at 



a) = 

Vz i e 

a \Ja{l — a)Q’^ ^i{\J 

- a)Q2 |r|) ^ > 

r 

2tt 

\/2 i e 

^(+,-)(ri,r2. 

a) = 

(1 - a) \Ja{l - a)Q‘^ Ki{^ 

\Ja{l - a)Q‘^ r ) — e’ 

2-k 



1/2 i e 



^(-,+)(ri,r2, 

a) = 

(1 - a) \Ja{l - a)Q2 

\Ja{l - a)Q‘^ r ) — e’ 

27r 



\/2 i e 



)(ri,r2. 

a) = 

a \Ja{l - a)Q^ Ki{\J a(l 

- a)Q2 |r|) ^ > 

r 

2-k 


ioq ri gi(l—a)q r2 


-a)q.r2 ^2.9) 

with r = ri — r 2 and Ki being the MacDonald (Bessel) function. The whole q-dependence is shifted 
into phase factors, and the rest is the same as for the ’forward’ case, i.e. q = 0. 

One could now go ahead and work with the above wave function for virtual photons, i.e study 
the scattering of virtual photons into virtual photons. At this point we would like to keep the 
analysis a bit simpler and consider only real photons. To this end we take ^ 0 and eq.(p.S|) 
reduces to 

\/2 i e 


^(+,+)(ri,r2,a) 

^'(+_)(ri,r2,a;) 
T(_^+)(ri,r2,a) 
)(ri,r2,a) 


27r 

\/2 i e 
2 tt 

\/2 i e 
2 tt 

\f2 % e 
27r 


Q, gjaq ri gi(l-a)q r2 

I V 12 


(1 _ ct) ^ 


(1 _ a) ^ 


( 2 . 10 ) 


a 


^ _ piaq ri i(l-a)q r2 
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In the next step we have to consider the wave function for the outgoing photon 'h*. It is 
basically the complex conjugate of the previous expression except for the phase factors which are 
absent because the momentum for the outgoing photon is simply Q', i.e. q = 0: 


^(+,+)(ri,r2,a) 
^(+_)(ri,r2,a) 
^'(_,+)(ri,r2,a) 
^(_ _)(ri,r2,a) 


\/2 i e 
27r 

\/2 i e 
2 tt 

\/2 i e 
2 tt 

\/2 i e 
2 ti 


Y* 

(l-«) ^ 


( 2 . 11 ) 


The impact factor is essential the product of the two sets of wave functions, since the imaginary 
part of our amplitude dominates and all intermediate quarks are onshell. With regard to the two 
t-channel gluons located at pi and p 2 we have to make sure that each of the gluons couples to each 
of the quarks (g is the strong coupling constant): 

r-l 


$ 


{h-„h*){pi: P 2 ) = j da j d^Yid^Y 2 '^(^h-,,h){^i:^ 2 ,a)^ly^,y^^{Yi,Y 2 ,a) (2.12) 

h=±-’'^ 

[5^(ri - pi) - 6'^{r2 - pi)] [(5^(ri - P 2 ) - 5^(r2 - P 2 )] ■ 


The normalization will be adjusted later in the full expression for the amplitude. Spelling out the 
previous expression we find: 


^{+,+){Pl,P2) = 

^2^2 

^i--){Pl,P2) = 

e g 

27r^ 


^2 ^2 

^{+-)iPl,P2) = 

e g 

vr^ 


„2 .2 

^{-,+){Pl, P 2 ) = 

eg 

vr^ 


da J d‘^rid^r 2 [a^ + (1 - a)^] ^ 

[(^^(ri - pi) - S‘^{r 2 - pi)] [(5^(ri - P 2 ) - S‘^{r 2 - P 2 )] 

da J d?Yid^Y 2 a{l - «) ^ 

[(5^(ri - pi) - 5^{r2 - pi)] [(5^(ri - P 2 ) - J^(r2 - P 2 )] 

da J d‘^rid^r 2 a{l - a) 

[(^^(ri - pi) - 6‘^{r2 - pi)] [(5^(ri - P 2 ) - J^(r2 - P 2 )] 


(2.13) 


and are contributions without helicity flip and ^(+,-) and ‘h(-,+) are those with flip. 

It is not apparent from eq.( p.l3| ) that the two helicity flip contributions are the same, but the 
following calculation will show that they coincide as one may expect on general grounds. In the 
end it is enough to deal with a single helicity flip and a single helicity non-flip amplitude. 


3 Projection on Conformal Eigenstates 


In this section we exploit the properties of conformal invariance of the BFKL-equation j^j which 
can be solved in terms of the conformal covariant eigenfunctions: 


E'^{Pio,P2o) 


P 12 

P 10 P 20 


1 + 221/ 


(3.1) 


6 














where v is the conformal weight. We have ignored the conformal spin n which is required to form 
a complete set. In practice, though, any contribution with n 7 ^ 0 gives a subleading contribution 
at high energies. If wished to do so, the following calculation can be generalized to include n. 

In projecting the impact factor on the eigenfunction we have to perform the following integration 
(^'10 = P\ — PO) etc.): 

J (f pi(f P 2 P 2 ) E'^iPio, P 20 ) ■ (3.2) 

We realize that in two terms of eq. (|2.13| ) the d-function forces pi and p 2 into one point which results 
into a vanishing contribution due to a zero in ( Re[l + 2w] has to be kept positive). The second 
observation is the symmetry in pi and p 2 which allows to write the whole amplitude in one term 
multiplied by 2 (non-flip here): 


eV 

TT^ 


da [a^ + (1 — a)^] 


d^rid^r2 


(ri -po)(r2 -Po) 


l-\-2iu 


(3.3) 


We will shift ri and r2 by po generating an overall phase factor and then substitute ri by r = ri — r2: 
2 2 1 

^ da [a^ + (l _ af] J d^v d^V2 |r|-i+2*^ |(r + r2) Y2\-^-^^'' . ( 3 . 4 ) 

The overall phase factor will be ignored for a while and reconsidered at the end of this section. We 
carry on in our calculation and shift r2 by —a r eliminating the phase factor that depends on r 

2 2 1 

J da [a"^ + {I - a)"^] J d^r d'^r2 |[r2-h (1 - Q:)r] [r2 - . ( 3 . 5 ) 

We then switch from the conventional representation of the transverse vectors to the corresponding 
complex notation, i.e from r = (ri,r2) to a = ri -|- i r2 and b = ri — i r2, and make use of the 
freedom to rotate our system such that q is real: 

2 2 1 

— ^ J da [a^ + (1 — a)^] J da db da2 db2 j^'^-i/2+iv ( 3 . 6 ) 

{[02 + (1 - a)a] [62 + (1 - Oi)b] [a2 - a a][b2 - a . 


In what follows we rescale a and b by 02 and b 2 , respectively, and thus factorize the integration in 
a, b and 02 , 62 : 


2 2 1 

^ da [ a ^ + (1 - a ) 2 ] J da2 dfts e '‘'/ 2 (“ 2 +'> 2 ) (^3 62 )- V2 -*. ( 3 , 7 ) 

J da db {a 6 )- i / 2 +*^ {[1 + (1 - a ) a ] [1 + (1 - a ) b ] [1 - a a ] [1 - a b ]}-^/^-^’' . 


We now rescale 02 and 62 by 2i/q 

„ 2„2 / 9 \ \—2iv /•I p 

j J da [a^ + (1 - of] J da2 db2 e“^“2+^'2) ^^-\l2-iv 

J da db {a 5)“^/2+*i" + (1 — a ) o ] [1 + (1 ~ Oi ) b ] [1 — a a] [1 — a 

and note the minus sign in the factor (—02 62 )“^'^^“*^. 


(3.8) 
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At this point we have to consider the analytic structure of our integrand and the proper path 
of integration. We focus on the a2-integration by keeping 62 fixed, quasi as a parameter. With the 
minus sign there is a cut in the complex 02 plane to right when 62 > 0 or to the left when 62 < 0- 
Since the exponent also has a minus sign we would like to shift the integration contour to the right. 
A nonzero contribution only arises, if a singularity is encountered, i.e. if 62 is positive. Closing the 
contour around the cut means we have to take the discontinuity along the cut and then integrate 
in 02 over the positive axis: 


J da2 db2 e (“2+^2) 53) 

/* 00 00 

= — 2 i sin[(— 1/2 — ii/)7r] / fia2 03 g-a2 / <^62 ^2 g-^2 ( 3 . 9 ) 

JO Jo 

= — 2 % sin[(—1/2 — ii/)7r] r^(l/2 — iv) . 


The — 2 i sin[(— 1/2 — iv)TT] is the result of taking the discontinuity. 

In a similar way the integration over a and b can be performed. We again keep b fixed and 
consider the integration over a. The integrand is convergent even without the presence of an 
exponent. There will be a nonzero contribution only if the integration contour runs between two 
cuts, those two cuts which emerge on both sides of the complex a-plane when —1/(1 —a) < b < 1 /a. 
We have to face, however, another cut due to the factor (a 6)“^/^+®^ in eq.(^.§|). This lies to the right 
or to the left depending on the sign of b. Therefore we have to consider two cases — 1/(1 —a;)< 6<0 
and D < b < 1 /a and close the contour to that side which has only one cut: 


J da db {a 6)-V2+*^ {[1 + (1 _ a)a] [1 + (1 - a)b] [1 - a a][l - a 

( rO r-l/{l-a) rl/a r 

= 2 i sin[(—1/2 — iz^)7r] < / db da + db 

J-OO Jo Jl 


db I da \ 

i /“ J 

I —1/2—ii' 


( 3 . 10 ) 


(a 6)-V2+*^^ {_[! + (1 _ c,)a] [1 + (1 - a)b] [1 - a a][1 - a b]}-^/^ 

= 4 i sin[(-l/2-ii/)7r] [a(l-a)]-^/ 2 -*^ 5-1/2+*^ /[I _ WT + ^^5] 

Jo I 1 - a 

|[l-a][l + 


- 1 / 2 -iu 


1 — a 


-\l2-iv 


where we have made use of the symmetry between a and 1 — a. The integrals above can readily 
be expressed in terms of Hyper geometric functions: 

= 4 i sin[(— 1/2 — ii/)7r] [«(! — r^(l/2 — ii/) r^(l/2 + ir^) 

2F1 ^1/2 + iiy, 1/2 + ii/; 1; 2F1 ^1/2 + ii', 1/2 + ii/; 1; 

= 4 i sin[(-l/ 2 -zz2)7r] . 3 ^ ( 3 . 11 ) 

sm [(1/2 — ^^/)7^J 

2F1 (1/2 - ii2, 1/2 + iu] 1; a) 2F1 (1/2 - iu, 1/2 + iv; 1; 1 - a) . 

Putting the results in eq. (| 3 . 9 |) and (| 3 . 1 lD back into eq. (| 3 . 8 |) we get: 

( 2 \ l— 2 iv pi 

-j T‘^{l/ 2 -iv) j da [ 1 - 2 ( 1 -a)+ 2 ( 1 -a) 2 ] 

2F1 (1/2 - iv, 1/2 + iv; 1; 1 - a) 2-P1 (1/2 - iv, 1/2 + iv; 1; a) 
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( 3 . 12 ) 









For the flip amplitude we have to proceed in a very similar way and find: 


- 2 e 


/ 2 \ 1 — rl 

r^(l/2 — ii/) (1/4 + / da a{l — a) (3.13) 

2 F 1 (1/2 - iv, 1/2 + if, 2; 1 - a) 2 F 1 (1/2 - iu, 1/2 + iz/; 2; a) 


which is the same for the (+, —)- or the (—, +)-amphtude. 

The further calculation is rather tedious but straight forward. The main point is to expand 
the first Hyper geometric function, perform the a-integration and then reduce the remaining series. 
The final result takes on the following form: 


2 2 , 
eg - 

.q 


for the non-flip amplitude and 


2 2 
e g 


l—2iu 


r(l/2 — zz/) TT^ 11/4+ 3z/^ tanh(7rz/) 
T{l/2 + iv) 4 l + nu 


l—2iv 


T{l/2 — iv) TT^ 1/4+ 3z^^ tanh(7rz^) 
r(l/2 + iz^) 4 I-\-nu 


(3.14) 


(3.15) 


for the flip amplitude. 

We are left with the calculation of the other end of the BFKL-Pomeron, i.e. the coupling to a 
quark(gluon) in the proton. We follow the consideration in ref.||^] where it was noted that a simple 
projection of the eigenfunction (^]^) to a single quark line would give zero. In reality the quark is 
accompanied by a bunch of particles with opposite colour far away in impact parameter space. Let 
us place the quark in impact parameter space at r'^ and the opposite colour charge at v' 2 . In the 
limit |r 2 | S> |r'^| the eigenfunction (^ ) reduces to 


E''{p'io,p2 00) 


P'w 


l—2iu 


(3.16) 


The momentum coming from the photon is transferred to the quark but momentum conservation 
is imposed later on by doing the final po-integration. At the moment we give the quark a general 
momentum kick q' which leads to a phase factor e®'^ “’i. The integration over is factored off and 
only the -integration remains: 
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1 


r j - Po 


l—2ii' 




. (2vr)2 

2 /2y+2®- F(l/2 + iz.) 1 

^ \qj r(l/2-iu) 27r 


(3.17) 


PO 


A factor 2 was added to account for the coupling of both gluons. 

We have to recall that we dropped the phase factor in eq.(^). In the full amplitude the 
two phase factors have to be drawn together and the integration over po forces q and q' to be equal: 


For us 


j d^poS^-^^ P^ = (27r)2 ,52(q-q') . 

important is the extra factor (27r)^ which is generated in the above equation. 


(3.18) 
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4 The complete Cross Section 


In order to write down the cross section we have to find the complete expression for the amplitude. 
Cross section and amplitude are linked through the relation (t = q^) 


da 

dt 


(79 ^ iq) = 


1 |4(+,+)P + |71(_,_)P + |4(_,+)P + |71(+,_)|- 

2 lOvrs^ 

IV,+)p + IV,_)p 

lOvrs^ 


(4.1) 


All missing factors not yet being included are extracted from the ’Born’-diagram: 6/9 for the 
light flavour charges, 4/6 for the colour (in the case of yg-scattering), 4 from the coupling to the 
lower line, s/4 from the Sudakov decomposition, l/2(27r)^ for the onshell quarks (1/2 because we 
need the imaginary part and not the discontinuity) and l/(27r)® from the phase space integral. 
All factors related to Fourier transformations have been taken care of, only the factor (27r)^ from 
(3.15) needs to be included. Compiling all these factors and add them together with expression 
( 3.14 ), (|3.15|) and (|3.17|) we finally obtain for the amplitudes 


H+.+) 


• 6 2 

^ „ Olem 

y 


dvr s 
"3 


— — du 


11/4 +3 tanh(7rz/) 


(1/4 + 1/2)2 1 + jy2 


TTU 


and 


where 


A 


(+i~) 


^ g 0!em 0<s 


471 s /■ , 

— TT / dly' 


1/4+ 1/2 tanh(7rz/) 


(1/4 + Z/2)2 1 + z/2 


7117 


Lu(iy) 


uj(iy) 


3a 


Lu(iy) = - [2'h(l) —'k(l/2 + ii/) —'I'(l/2 — ii/)] 


TT 


(4.2) 


(4.3) 


(4.4) 


One can derive the contribution for yg'-scattering simply by multiplying the previous expressions 
by a factor 9/4 (due to colour). 

There is a striking similarity between the results here and those found for the forward jet 
cross section with azimuthal dependence |]+|. The factor for the non-flip contribution 

is identical to the corresponding integrated contribution to the forward jet cross section whereas 
the flip result, is found for the azimuth dependent part. 


1/4+I/2 

1 ++ 


The saddle point approximation for the amplitudes ( |4.2| ) and (O) yields 


A 


(+,+) 


_ 1 1 „• 6 „.2 S 8 f TT 

— X -L Z ^GTTl ^ c I I I — 1. / \ 

9 ^ \t\ 3 V7C(3) V 


3/2 


^r) ln(4) 


and 


where 77 is defined as 


A 


s 8 


(+.-) 


= i 


Op 


a. 


(. 


TT 


|t| 3 V7C(3)r7 


3/2 




77 = 


6a, 


TT 


In — 


(4.5) 


(4.6) 


(4.7) 


In this approximation one nicely sees the dominance of the non-flip versus the flip amplitude given 
by the factor of 11 in eq.([4.5|). On the scale we perform our numerical analysis the difference 
between the exact result and the saddle point approximation is marginally, i.e. less than a factor 
of 2. 
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5 Numerical Results 


Since we are mainly interested in a rough estimate for the cross section, we will concentrate on 
elastic photon-quark scattering. In order to get an impression for the size of the cross section we 
compare with a different process, namely diffractive J/'h-photoproduction. In addition we use the 
Vector Dominance Model (VDM) to gain an estimate of the quasi elastic yg scattering at low t, 
and we perform a comparison between the full BFKL solution and the leading order two-gluon 
exchange. 

The formulae for the J/T-cross section are taken from refs.[^ and |^]. The leading order two 
gluon exchange can be more easily calculated from the momentum representation of the photon 
wave function (E3) directly. The amplitudes in this case are given by 


A 

A 


. s 2 2® 

(+,-!-) — * OiemOis ^ 

. S 2 2® 

(+,—) — * OiemCts ^ 



(5.1) 


A VDM-estimate can be achieved by employing the optical theorem which relates the elastic with 
the total 7 p-cross section. The total yp-cross section at the energy of IT = 200 GeV is approxi¬ 
mately 150 nb. This leads together with the t-slope of 10 GeV~^ to an integrated elastic yp-cross 
section of 115 nb. From the diffractive production of one knows that for roughly 11% of all 
events the proton dissociates. The resulting value for the cross section divided by 9 (additive quark 
model) gives an estimate for the yq-scattering of 1.4 re6 at IT = 200GeT. The diffractive slope in 
t is according to the p®-data 5.3 GeV~^ for events with proton dissociation. Altogether one finds: 

— (y) Rs 7.5 nb exp(—5.3 \t\ GeV~‘^) (5-2) 


Taking the measured cross section for Jj'^p at the same energy and divide it by 9 we find a value 
of similar size. The main difference is the much smaller slope of 1.6 GeV~^ which is due to the 
large mass: 

^(J/T) « 4.4 n6 exp(—1.6 |t| GeT“^) (5.3) 

at 

for IT = 200GeT. 

In Fig.2 we show all discussed options in one plot. For the perturbative result we have assumed 
a constant value for the strong coupling of Ug = 0.2 and IT = 200 GeV. The two solid lines are 
related to the full BFKL-solution, the upper line denotes the production of a photon and the lower 
line the production of J/T. In addition to the upper solid line we have plotted the saddle point 
solution (|4.5| ) and (|4.6| ) for yg-scattering which lies almost on top of the solid line. The dashed 
lines show in a similar fashion the cross sections based on the leading order two-gluon exchange. 
Again the upper line denotes the production of a photon and the lower the production of J/T. 
The strongly curved, dotted lines represent the VDM-estimates. In this case the line related to the 
production of J/T lies above the line for the production of a photon due to the smaller t-slope. 

The VDM-result for yg-scattering seems to contradict the perturbative result. Moreover, a 
matching between the low t nonperturbative and high t perturbative regime seems to be difficult. 
For J/T on the other hand a matching seems feasible. The enhancement due to BFKL is extremely 
large, in both cases it is a factor of about 100 at |t| = 3 GeV^ and somewhat smaller (a factor 10) 
at |t| = 100 GeT^. 
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Figure 2; The cross section for diffractive production of photons and J/T’s at W = 200 GeV. The 
solid line denotes the BFKL-solution (upper line for photons), the dashed line the leading order 
two-gluon exchange (upper line again for photons) and the dotted line shows the VDM-estimate 
(in this case the upper line is for J/T). In addition the saddle point approximation is given as 
dash-dotted line. 


The fact that the perturbative BFKL-result for 7 g-scattering overshoots the VDM-result so 
massively makes it hard to believe that the perturbative prediction is close to the true value. There 
are two main reasons to mention. First, the BFKL-solution is implemented at Leading Order. 
NLO-corrections are known to reduce the cross section substantially. Second, although we consider 
large-t the internal integration over the transverse momenta in the virtual loops is performed 
without any infrared cutoff. The result is still finite, but dominant contributions might come from 
the infrared region and thus is influenced by confinement. This point needs further investigation 
by imposing an infrared cutoff on the separation of the quark-antiquark pair. The consequence of 
all conceivable corrections might be a reduction of the cross section by 1 or 2 orders of magnitude. 
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6 Conclusions 


We have calculated the cross section for 7 g-elastic scattering in the Regge limit (W^ ^ 1^1 ^ ^qcd)- 
The BFKL-solution for nonzero momentum transfer was used leading to a strong enhancement of 
the cross section. Believing in this prediction a measurement of the process should be feasible. The 
comparison with a VDM-calculation indicates, however, that the perturbative prediction might be 
much to high. The simple fact of observing events at HERA or not will already give a hint with 
regard to the validity of the present pQCD result. We also found that the cross section for elastic 
7 g-scattering exceeds the cross section for 75 —> J/Tg. 

Some effort was put in the detailed presentation of the method employed for performing the 
convolution of the photon wave function with the conformal eigenfunction. The integrals we were 
faced with are typical for two dimensional conformal field theories. They seem to be solved most 
efficiently when complex variables are introduced and the integration is factorized in complex times 
complex-conjugate contributions. A similar technique was used in ref.|lT]. We have pointed out 
that special attention has to be given to the problem of large infrared contributions. One way of 
tackling this problem is to keep the virtuality of the initial photon high enough |I^. R will 
be interesting to see how much the 7 *g-cross section will decrease when the photon virtuality is 
increased from 0 to 1 GeV^. 


Acknowledgements 

We are very grateful for the intense discussion with J. Forshaw and N. Evanson. N. Evanson was 
also so kind to point out missprints in our draft. Special thanks go to M. Ryskin for valuable 
discussions on the problem of infrared contributions. D.Yu I. would like to acknowledge the warm 
hospitality extended to him at University of Leipzig. This project was supported in parts by 
the RFBR under contract No 960219079, the Deutsche Forschungsgemeinschaft under contract No 
Schi 422/1-2 and by the EU Fourth Framework Programme “Training and Mobility of Researchers” 
Network, “Quantum Chromodynamics and the Deep Structure of Elementary Particles”, contract 
FMRX-CT98-0194 (DC 12-MIHT). 

References 

[ll E.A.Kuraev, L.N.Lipatov, V.S.Fadin, Phys. Lett. GOB (1975) 5, Sov. JETP 71 (1976) 840, 
Sov. JETP 72 (1977) 377; 

Ya.Ya.Balitsky and L.N. Lipatov, Sov. J. Nucl. Phys. 28 (1978) 822. 

[2] J.R.Forshaw, M.G.Ryskin, Z. Phys. C 68 (1995) 137. 

[3] J.Bartels, J.R.Forshaw, H.Lotter, M.Wiisthoff, Phys. Lett. B375 (1996) 301. 

[4] D.Yu.Ivanov, Phys. Rev. D53 (1996) 3564. 

[5] I.F.Ginzburg, D.Yu. Ivanov, Phys. Rev. D54 (1996) 5523. 

[ 6 ] V.S.Fadin, L.N.Lipatov, Phys. Lett. B429 (1998) 127. 

[7] A. H. Mueller, W.K.Tang, Phys. Lett. B284 (1992) 123 


13 



[8] J. Bartels, J.R.Forshaw, H.Letter, L.N.Lipatov, M.G.Ryskin, M.WiisthofF, Phys. Lett. B348 
(1995) 589. 

[9] H.Cheng, T.T.Wu, Phys. Rev. 182 (1969) 1873. 

[10] L.N.Lipatov, Sov. Phys. JETP 63 (1986) 904. 

[11] L.N.Lipatov, G.V.Frolov, Sov. J. Nucl. Phys. 13 (1971) 333. 

[12] A.H.Mueller, Nucl. Phys. B335 (1990) 115. 

[13] N.Nikolaev, B.G.Zakharov, Z. Phys. C49 (1990) 607. 

[14] J.Bartels, V.Del Duca, M.Wiisthoff, Z. Phys. C76 (1997) 75. 

[15] G.P.Korchemsky, preprint LPTHE-ORSAY-97-62 (Nov 1997), |hep-ph/9711277 . 

[16] J.Eorshaw, N.Evanson, paper in preparation. 


14 





